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Edward  T.  Samulski 
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Ahsirnct  -  Deuterium  NMR  observations  are  presented  for  two  kinds  of  liquid  crystals,  thermotropic  dimer 
mesogens  and  lyotropic  polypeptide  liquid  crystals.  In  the  former  intramolecular  averaging  within  the  dimer 
spacer  chain  is  suggestive  of  translational  ordering  within  the  nematic  phase  which  is  sensitive  to  the  dimer’s 
tenninal  chain  length.  The  averaging  within  the  polypeptide  sidech&in  appears  to  be  dominated  by 
intramolecular  constraints —  dihedral  angle  rotations. 

Introduction 

Two  distinct  topics  are  considered  in  this  lecture:  thermotropic  dimer  liquid  crystals  and  lyotropic  polypeptide  liquid 
crystals.  Both  topics  are  considered  in  the  context  of  deuterium  NMR  appraisals  of  inter-  and  intramolecular  order.  In  the 
former  melts,  the  focus  is  on  the  relationship  between  the  NMR  order  derived  from  labelled  dimers  and  that  observed  in 
polymer  liquid  crystals.  New  insights  into  the  role  of  the  terminal  chains  or  tails  in  dimer  liquid  crystals  emerge.  In  the 
lyotropic  polypeptide  liquid  crystal  we  consider  the  sidechain  secondary  structure  assumed  by  ethylene  glycol  denvatives  of 

polyfglutamic  acid)  as  a  function  of  the  sidechain  length.  The  2H  NMR  observations  are  described  with  a  rotational 
isomeric  stale  approximate  treatment  of  the  sidechain  internal  degrees  of  freedom. 


Thermotropic  Dimer  Liquid  Crystals 

there  is  continued  interest  in  refining  the  molecular  structural  prerequisites  for  liquid  crystallinity.  In  monomer  or  low 
molar  mass  liquid  crystals  (LCs)  steric  interactions  are  usually  dominant.  Consequently  prolate  LCs  have  the  following 
general  shape: 


tail 


The  flexible  tails  (hydrocarbon  chains)  on  each  end.o.f.the.anisomeiric  core  merely  faciliune  the  transformation  from  the 
solid  stale  to  the  fluid  phase  at  temperatures  low  enough  for  anisoiopic  excluded  volume  and  attractive  interactions  to 
manifest  themselves  in  the  form  of  long  range  orientational  order  in  the  melt.  IT. at  is,  these  terminal  chains  primarily  lower 
the  fusion  temperature  by  establishing  weak  in  tv  molecular  interactions  in  the  crystal.  The  aliphatic  chains  are  generally 
segregated  into  strata  in  the  crystal  and  interactions  within  strata  are  therefore  limited  to  weak  attraaive  dispersion  forces. 
In  the  melt  remnants  of  this  stratification  may  remain  and  such  translarionaJly  ordered  fluids  are  called  smectic  LCs. 
Smectic  phases  are  stabilized  relative  to  less  ordered  LC  phases  when  the  length  of  the  tail  is  increased.  But  this  might  be 
simply  thought  of  as  a  niicrophase  separation  driven  by  the  chemical  difference  between  the  core  (usually  aromatic)  and  the 
aliphatic  tails.  Herein  we  will  limit  consideration  to  nematic  phases  —  uniaxial  fluids  in  which  the  core  axes  are 
orientationally  ordered  relative  to  a  director  but  the  mesogen's  center  of  masses  are  randomly  distributed  relative  to  the 
director  (no  longitudinal  translational  order  other  than  short  range  packing  as  is  characteristic  of  ordinary  isotropic  liquids). 
The  latteral  translational  order  is  also  short  range  (extending  over  a  few  molecular  diameters)  but  may  be  somewhat  higher 
than  that  found  in  ordinary  liquids  because  of  the  average  quasi-parallel  arrangmem  of  the  major  axes  of  the  cores  in  the 
nematic. 

In  the  nematic  state  it  appeals  that  the  shape  anisotropy  of  ih:  mesogenic  core  determines  whether  a  given  organic  molecule 
will  exhibit  a  liquid  crystalline  melL  The  tenninal  tails  of  the  mesogen  generally  play  an  innocuous  role  in  these  ordered 
fl  'ids.  Herein  we  consider  a  series  of  dimer  LCs  constructed  by  linking  two  mesogenic  cores  together  with  a  flexible 
aliphatic  spacer  chain: 


Explicitly,  we  exa mme  the  deuterium  NMR  quadrvpola;  splitting  partem  exhibited  by  nematic  phases  of  such  dimers  having 
a  deuterium  !abf  !c!iid  spacer  chain  of  constan:  length  (ten  methylene  units)  when  the  length  of  the  aliphatic  tails  is  varied. 
Our  findings  suggest  that  their  may  be  a  translational  entering  rote  of  ir,c  terminal  tails  in  the  nematic  state  which  may  have 
been  overlooked  in  previous  studies. 

In  its  simplest  form  deu'-^um  NMR  provides  a  direct  measure  of  the  average  orientation  or  a  deuterium  labelled  C— H 
bond  vector  relative  to  the  nematic  director  from  the  magnitude  of  the  quadtupolar  splitting: 


(1) 
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Where  S  =  <P:(cos  is  the  C-H  order  parameter  and  q  .s  the  quadrupolar  coupling  constat  (q  =  168  kHz  for  an 

i  hni  >  ricuicfonS  The  brackets  <>  signify  an  average  over  the  anisotropic  molecular  motion  m  the  liquid  crystal.  At  the 

c'P  H  E>Sd  iwfiJ^oUon  indudes  Vernal  isomerization  of  the  spacerchain  and  anisotropic  reonemat.on  of  the  dimer 
fZ\f  SIS  observing  the* splittings  themselves  we  obviate  model-dependent  efforts  to  deconvolve  these  two  kinds  of 
motion. 

The  labelled  dimers  have  the  following  structural  formula: 

The  spacer  chain  is  deuterium  labelled  and  two  dimers  were  examined:  x  =  5  denoted  5.10.5  and  x=  10  (10  ^°-10>-  J^1** 
firiffin  -uid  S-tmulskl  contrasted  the  JH  NMR  quadnipolar  splitting  pattern  of  10.10.10  with  that  exhibited  by  the 
corresponding  polymer  IX  (a  linear  alternating  copolymer  with  the  same  mesogeme  core  linked  into  a  chain  with  a  ten- 
methvfene  spacer)  and  concluded  from  the  appearance  of  the  quadrupolar  splitting  patterns  that  the  constraints  on  the  spacer 
chains  were  distinctly  diferent  for  the  dimer  and  the  polymer  (rtf.  1).  The  latter  mesophase  exhibited  larger  quadrupohu 
soli  nines  and  as  one  lowered  the  temperature  of  the  polymer  deep  Into  the  nematic  phase  the  ouadrupolar  splittings  at  each 
3L  in  spacer  became  equivalent.  The  large  values  for  S  and  the  site-independent  values  of  S  in  the  spacer  embedded  in 
the  Dolvmerwere  attributed  to  severe  intia-chain  constraints  stemming  from  the  connectivity  of  successive  cores  and  spaces 
in  the  polymer  backbone  (ref.  1).  These  conclusions  should  be  modified  in  view  of  new  findmgs  on  dimers  reponwl  here. 
In  short  high  molecular  weight  mesogens  (extended  connectivity)  is  not  necessary  for  observing  large  valu«  for  S  and  the 
rite-independent  values  of  S  in  the  spacer.  Such  behavior  may  be  seen  in  dimers  when  the  terminal  chain  of  the  dimer 
one  half  of  the  length  of  the  spacer  chain. 

Before  examining  the  2H  NMR  of  the  neai  dimers  it  is  of  interest  to  compare  these  dinars  having  defrerentl length  terminal 
chains  in  dilute  solution.  In  such  a  comparison  the  intrinsic  intramolecular  differences  between  the  dimers  and  how  those 
differences  might  influence  spacer  chain  quz  jrupolar  splittings  can  be  appreciated  in  the  absence  of  effects  stemming  from 
the  intermolecular  organization  of  the  dimers  in  their  respective  melts,  Figure  1  contrast  the  quadrupolar  splittings  exhibited 
bv  510.5  and  10.10.10  as  solutes  (<  5  wt  %)  in  a  nematic  solvent  at  the  same  reduced  temperature,  Le.,  at  the  same  degree 
of  nematic  mean  field  strength  acting  on  each  of  the  dimers.  The  complex  intra-  and  extra-molecular  motion  of  the  solute 
dimers  is  biased  in  the  nematic  solver.',  and  this  shows  up  in  the  form  of  an  incompletely  areraded  * 

each  labeled  site  in  the  spacer  chain.  However,  despite  the  intrinsic  structural  differences  between  the  two  dimers  (different 
terminal  chain  lengths),  the  ouadrupolar  splitting  patterns  of  both  dimers  are  identic^  within i  experimental  uncertainties. 
This  observation  implies  that’ the  constraints  that  are  operative  in  the  nematic  mean  field  of  *e  ». vent  ax* 
spacer  chains  in  exactly  the  same  way  independent  of  the  structural  duferences  betweem  10.10.10  and  5.10.5.  Thai  is,  the 
terminal  chain  (length)  docs  not  influence  the  anisotropic  motions  (isomerization i  and  molecular  diffusion)  af.ecung  the 
averaging  of  the  quadrupolar  interactions  within  the  spacer  chains  of  these  two  different  dimers.  This  would  appeal _  to 
validate  the  descriptor  ■innocuous"  applied  to  the  role  of  terminal  chains  m  mesogens  and  corroborate  the  thinking  on  this 
subject  inferred  from  a  wide  body  of  liieramre  on  simple  mesogens  having  alkyl  terminal  chains. 

It  is  clear  from  the  distinct  quadrupolar  splittings  apparent  in  the  spectra  in  Figure  1  that  the  mode  of  averaging  the  C— -H 
bond  vectors  differs  at  different  riles  in  the  spacer  chain,  but  that  the  same  behavior  is  observed  in  both  dimers.  This 


Figure  1.  Deuterium  NMR  spectra  of  dimers  dissolved  in  a  nematic  solvent  (>5*  wi  dimer)  at  Trtd  =  0.985. 
a)  5. 10-5  dimer,  b)  10.10.10  dimer. 


Figure  2.  Deuterium  NMR  spectra  of  dimers  in  there  respective  neat  nematic  phases  at  the  same 
reduced  temperarure  Tred  =  0.96.  a)  5.10.5  dimer,  b)  10.10.10  dimer. 

simple  result  does  not  apply  to  the  nemaric  phases  of  the  neat  dimers.  Figure  2  shows  the  quadrupolar  splitting  patterns  for 
the  10. 10. 10  and  5.10.5  at  the  same  reduced  temperature  in  their  respective  nematic  phases.  A  cursory  examination  of  the 
spectra  indicates  that  1)  the  orientational  order  is  higher  in  the  nemtatc  phase  of  5.105  than  in  the  nematic  phase  formed  by 
10.10.10;  2)  the  constraints  at  different  sites  in  the  spacer  chains  are  very  different  in  the  neat  phases  of  the  two  dimers.  In 
10.1 0.10  (Figure  2a)  three  distinct  splittings  indicate  three  different  categories  of  motional  averaging  among  the  spacer 
chain’s  methylene  sites.  (These  sites  could  be  unambiguously  asigned  by  specific  labeling  experiments  or  approximate 
modeling  schemes.)  In  5.10.5  (Figure  2b)  virtually  all  of  the  methylene  units  are  averaged  in  the  same  way  independent  of 
the  location  of  the  methylene  site  ui  the  spacer  chain  giving  a  single  splitting  —  a  superpostion  of  all  of  the  (five  possible) 
quadrupolar  splittings.  Interestingly,  the  *H  NMR  spectrum  of  5.10.5  is  strikingly  similar  to  that  of  the  polymer  liquid 
crystal  (ref.  1).  This  observation  suggests  that  the  quadrupolar  splitting  pattern  of  the  polymer  is  not  dominated  by 
intramolecular  constraints  associated  with  the  connectivity  intrinsic  to  the  long  chain  as  previously  suggested  (ref.  1). 
Rather,  the  observed  quadrupolar  splitting  patterns  of  the  polymer  and  the  dimers  appear  to  be  diaatedoy  rather  loci 
intermolecular  considerations. 

It  is  intriguing  that  the  5-10.5  spacer  should  experience  constraints  so  similar  to  those  operative  in  the  polymer  mesophase. 
This  finding  prompts  us  to  look  for  a  supramolecular  explanation  of  the  implications  of  Figure  2.  The  similarity  between 
the  5.105  dimer  and  the  polymer  suggests  the  presence  of  longitudial  translational  ordering  in  this  dimer  (formation  of 
strings  or  chains  of  dimers) .  In  the  polymer  nematic  phase  the  local  environment  derives  from  close-packed,  linear  chains 
each  comprised  of  a  regular  alternating  core  and  spacer  sequence  along  the  logitudinal  direction  (parallel  to  the  director).  Is 
it  possible  to  extend  the  idea  of  covalent  longitudinal  ordering  in  the  polymer  to  rationalize  in  a  simple  way  the  large  NMR 
difference  between  the  10.10.10  and  5.105  dimers? 

Consider  the  idealized,  (instamaneous)  iniermolecular  arrangements  of  dimers  imagined  to  be  confined  to  translate  along  the 
director  within  parallel  tubes  (schematically  illustrated  in  Figure  3).  In  Figure  3a  and  3b,  possible  arrangements  of  5.105 
dimers  axe  depicted  that  have  enhanced,  intermolecular  core-core  interactions  (presumed  to  stabilize  and  promote 
orientational  ordering)  indicaied  by  the  shaded,  interacting  pairs  of  cores.  Both  exact  laneral  registration  (Figure  3a) 
between  a  pair  of  5.10.5  dimers  and  three-body  combinations  (Figure  3b)  allow  such  idealized  core-core  interactions 
between  both  cores  of  a  single  dimer  Gower  dimer  in  each  sketch).  By  contrast  the  three-body  mode  of  interaction  results 
in  a  partial  interaction  (involving  only  one  core)  in  the  10.10.10  dimer  (Figure  3c)  because  of  the  longitudinal 
incommensurability  inherent  in  the  10.10.10  dimer's  struciure/length.  In  short,  the  additional  length  of  the  hydrocarbon  tail 
in  10.10.10  relative  to  5.105  dilutes  core-core  interactions  in  a  rather  specific  manner.  In  the  idealized  nematic  phase 


Figure  3.  Idealized  representations  of  intermolecular  arrangments  in  the  nematic  phases  of  dimers- 
a)  and  b)  5.105  dimer  configurations;  c)  10.10.10  dimer  configuration.  The  shaded 
mesogto  cores  enjoy  perfect  laneral  registration. 


comprised  of  the  5.10.5  dimer,  one  can  visualize  iniermolecular  translational  order  parallel  to  the  director  having  a  regular 
sequence  (...core  10core.l0.core.10.core...),  corresponding  to  the  covalent  longitudinal  repeat  of  the  covalent 
copolymer.  In  rcirr.*j>cct,  the  10.10.10  dimer  with  the  idealized  alternating  sequence  (... core. lO.corc. 20. core. lO.corc...) 
is  not  a  good  model  of  the  polymer  and  these  new  2H  NMR  observations  in  dimers  underscore  the  potential  importance  of 
terminal  chains  insofar  as  supramolccular,  translational  ordering  obtains  in  dimer  and  in  monomer  nematic  liquid  crystals. 

These  findings  and  our  supramolccular  interpretation  also  has  implications  for  polymer  LCs  themselves.  Deliberately 
perturbing  the  regularity  of  a  linear  copolymer's  sequence  may  have  profound  consciences  for  the  phase  type  and  its 
stability  (temperature  range).  There  is.  in  fact,  evidence  in  the  literature  that  moving  from  a  commensurable  copolymer 
(...corc.spnccr.corc.spnccr.corc... )  to  an  incommensurable  one  (...corc.snncer.core spacer  '.core...  )  has  dramatic  effects 
on  the  mesophase  stability.  Watanabe  and  Krigbaum  (ref.  2)  examined  (random)  copolymers  consisting  of  a  mesogente 
core  and  two  different  length  spacers: 


O  ft 

-C-(CH  ) -C-J-t-O 
£  m  z 


These  copolymers  (for  50:50  x:y  copolymers  of  (even)  spacers  m  =  10,  8,  and  6  with  spacer  n  s*  12)  formed  smectic 
mesophases.  A  dramatically  increasing  mesophase  temperature  range  is  observed  as  the  desparity  between  m  and  n  is 
increased  (ref.  2).  For  m  =  rv2.  a  monotropic  nematic  phase  is  observed  above  a  wide,  cutcciic-likc  smectic  phase.  Clearly 
introducing  longitudinal  incommensurability  into  the  primao'  structure  of  linear  polymers  has  a  profound  effect,  one  that 
overshawdows  the  well-known  even-odd  effect  in  liquid  crystals.  It  would  appear  that  this  phenomenon  warrants  further 
study  and  that  it  undoubtedly  has  a  comparable  analogy  in  the  form  of  copolymer  micro-sequence  distribution  in  more 
conventional,  linear,  thermotropic  polyesters  —  an  analogy  which  could  conceivably  be  exploited  to  produce  more 
technologically  viable  thermotropic  polymers. 


Lyotropic  Polypeptide  Liquid  Crystals 

Mesophase  formation  in  concentrated  solutions  of  alpha-helical  polypeptdes  has  been  known  for  some  forty  years.  X-ray 
daia  (ref.  3)  and  more  recent  NMR  (ref.  4,5)  data  show  that  the  helix  axis  is  aligned  rather  well  with  an  order  parameter 
in  excess  of  C.80.  In  the  early  magnetic  resonance  studies  of  these  LCs,  it  was  demonstrated  thar  the  solvent  is  also 
partially  oriented  as  a  result  of  a  combination  of  specific  solvation  of  the  oriented  helices  and  non-specific  anisotropic 
diffusion  among  the  array  of  parallel  helices  in  these  mesophases  (ref.  6).  NMR  studies  also  demonstrated  that  the 
si  dechain  on  the  exterior  of  the  polyp optide  is  partially  oriented  (ref.  7).  In  an  effort  to  determine  to  what  extent  sidechain 
c  rientaiion  is  determined  by  non-spec;,ic  interactions  (similar  to  sovent  orientation)  versus  intra-macromolecular  constraints 
(covalent  attachment  to  the  aligned  helical  backbone),  we  prepared  deuterium  labelled  derivatives  of  poly(L-gluramic  acid) 
v.  herein  the  label  at  the  sidechain  terminus  could  be  investigaied  as  a  function  of  the  sidechain  length.  Esters  with  the 
following  structure  were  labelled  in  the  terminal  methyl  unit: 

— (NHCOCH),  —  R  =  ■CH2CH2C00-(CH2CH20)n*CD3 


Figure  4.  Deuterium  NMR  spectra  of  labelled  methyl  termini  of  ethylene  glycol  sidechains  in 
esters  of  poly-L-glutamic  add  (20%  wt.  in  dichloromethane;  300K). 


In  ihc  as  |>i  tiuucd  (Isoiroitlc)  polymers,  solid  stme  2|  I  NMR  shows  progressive  mobi'iiy  of  Ihe  sidechnin  terminus  for 
t!ie  series  1,2.  ;in<l  3  (ref.  8).  In  site  oriented  liquid  crystalline  solutions  (20  wt  9c  polypeptide  in  dichloromcthane), 
well  icmiIv.u  i |i null \ i|H>lnr  splittings  me  observed  for  this  series  (Figure  4;  n  ■  0  corresponds  to  the  methyl  ester  of  glotmnic 
ocid).  The  magnitude  of  the  observed  quadrupolar  splitting  changes  W'ilh  increasing  sidechain  lcngdt  and  is  independent  of 
polymer  concentration  in  the  accessible  mesophuse  range.  The  latter  obsevution  indicates  that  the  anisotropic  averaging  of 
the  sidechnin  is  dominated  by  intra-sidcchain  considerations  and  that  non-specific  contributions  (interhelix  packing 
constants)  arc  ncglegible.  Hence  it  should  be  possible  to  correlate  the  observer!  sequence  of  splittings  with  the  increasing 
number  of  internal  degrees  of  freedom  (dihedral  angles)  as  the  sidechain  is  lengthened. 

IS  we  examine  ratios  of  quadrupolar  splittings,  i.e.,  relative  to  the  n  =  0  case,  we  find  that  this  ratio  is  directly  related  to  the 
bond  correlation  function  <Pj(cos  0ij)>  where  the  brackets  indicate  an  average  over  all  sidechain  conformations  and  the 
angle  Olj  is  the  angle  between  the  first  0 — CDi  bond  (n  =  0)  and  the  jlh  terminal  0 — CDj  bond  (n(j)  -  1  (4),  2(7)  and 
3(10)).  The  index  of  the  bond  j  is  illustrated  in  the  schematic  diagram  in  Figure  5.  <Pa(cos  0i,)>  can  be  calculated  using 
the  rotational  isomeric  state  approximation  and  published  values  of  the  dihedral  angle  statistical  weights.  Figure  6  shows  a 
comparison  of  calculated  values  of  <P2(cos  0ij)>  with  observed  experimental  ratios  of  the  quadrupolar  splitting.  There  is 
good  semi-quantative  agreement  between  calculation  and  experiment.  The  apparent  absence  of  a  splitting  for  n  =  2  is 
predicted  using  conventional  values  for  Eg  (=  -0.5  keal/mol  for  the  C— C  bonds  and  +1.0  keal/mol  for  the  C— O  bonds);  all 
Don-bonded  interactions  are  included  In  the  form  of  Lenard-Jones  potentials  for  (united)  atoms  separated  by  four  or  more 
bonds  in  the  sidechain.  Quantitative  agreement  between  experiment  and  calculation  can  be  achieved  by  varying  Eg  values 
along  the  sidechain  (ref.  8).  Optimal  values  are  within  the  experimental  uncertainties  of  Eg  (ref.  9) ,  and  tend  to  force  the 
sidechain  into  a  more  extended  all  trans  conformation.  The  necessity  for  using  larger  Eg-values  to  achieve  quantitative 
agreement  with  experiment  undoubtedly  compensates  for  steric  crowding  among  the  close-packed  sidechains  on  the 
periphery  of  the  alpha-helix.  More  realistic  multi-sidechain  modeling  with  excluded  volume  interactions  may  very  well 
yield  more  extended  sidechain  conformations  (effectively,  increased  values  of  Eg). 


bond  number  j 

Figure  6.  Calculated  and  observed  bond  correlation  functions  <Pj(cos  0tj)>  versus  sidechain  length. 


The  detailed  picture  of  sidechain  secondary  structure  in  these  new  polypeptides  may  be  of  value  in  elucidating  the 
mechanism  ot  ionic  conduction  when  conventional  polymers  such  as  polyethylene  oxide)  art  doped  with  ions  (rtf.  10). 
Preliminary  sudics  of  ionic  conductivity  in  these  systems  suggest  ionic  mobilities  that  are  comparable  to  those  in 
conventional  polymeric  electrolytes  (ref.  8).  This  aspect  of  these  new  polypeptides  take  on  additional  consequences  when 
(magnetically)  oriented,  uniaxial  films  are  prepared  by  casting  lyotropic  liquid  crystalline  solutions.  In  fact,  it  may  be 
possible  to  establish  anisotropic  ionic  conductivity  in  these  novel  polymers. 
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